The incidence of prostate diseases rises dramatically with age in men, yet little is understood of the mechanisms underlying prostatic senescence and its contribution to disease development in the gland. In Noble rats, aging of the ventral prostate (VP) is characterized morphologically by widespread atrophy of acini, increased accumulation of concretions in glandular lumen, infiltration of inflammatory cells, and focal epithelial atypia. We used a cDNA microarray containing 2388 known transcripts, together with the Tyramide Amplification System and t statistics, to identify differentially expressed genes in the VPs of young (3 months old) and old (16 months old) rats. A total of 78 VP genes were found to be differentially expressed by the two groups; in old rats, 65 VP genes (83%) showed reduced expression and 13 genes (17%) showed increased expression compared with young animals. The age-dependent underexpressed genes fell into several functional clusters: those involved in amino-acid metabolism, protein synthesis, protein secretion and degradation, vesicle/membrane trafficking, energy metabolism, signal transduction, spermidine and spermine syntheses, and cellular defense against stress. The overexpressed genes included iduronate 2-sulfatase, HLA class I locus C heavy chain, membrane cofactor protein of the complement system, TRPM-2, cadherin-associated protein-related, and X-CGD. Post hoc analyses confirmed a progressive decline in the expression of ribophorin II and BiP and a gradual increase in the expression of TRPM-2 in rat VPs as animals aged from 3 to 19 months old. In conclusion, the observed widespread declines in expression of genes involved in protein synthesis, protein fidelity maintenance, anabolism, growth inhibition, and energy metabolism, together with increased expression of genes implicated in cell survival in the VPs of senescent rats, may help explain the susceptibility of the prostates of elderly men to development of disease. (Lab Invest 2003, 83:743-757).
M
en of advanced age have a propensity for the development of prostatic diseases such as benign prostatic hyperplasia and prostate cancer (Schulman, 2000) . Senescence-associated changes in the prostate are believed to be contributing factors to the pathogenesis of these diseases. Andropause (Anawalt and Merriam, 2001) , somatopause (Anawalt and Merriam, 2001) , and altered estrogenic status (Griffiths, 2000) are associated with male aging. The hormonal sensitivity of the aged prostate also changes (Banerjee et al, 2001; Prins et al, 1996; SanchezVisconti et al, 1995) . Other cellular changes, such as diminution of apoptotic potentials (Banerjee et al, 2000) , increased expression of survival factors Marinelli et al, 1994) , loss of antioxidant enzyme activities (Ghatak and Ho, 1996) , and accumulation of radical-induced DNA damages (Malins et al, 2001) found in prostates of senescent animals or elderly men all have been implicated as causative factors of prostatic diseases. Despite these findings, the mechanisms underlying prostatic senescence remain poorly understood and clearly warrant further investigation.
Expression-profiling technology has proven effective in elucidating mechanisms of aging in various bodily tissues (Weindruch et al, 2002) . In a microarray study, aging of the gastrocnemius muscle was found to result in a gene-expression pattern suggestive of a marked stress response and to reduce the expression of metabolic and biosynthetic genes (Weindruch et al, 2001) . When this technique was used to determine transcriptional profiles of the aging neocortex and cerebella of mice, a profile indicative of an inflammatory response, oxidative stress, and reduced neurotrophic support was noted in both brain regions (Lee et al, 2000) . Using a similar approach, Cao and coworkers (2001) demonstrated that the aging of the liver was accompanied by changes in gene expression consistent with increased inflammation, cellular stress, and fibrosis and reduced capacity for apopto-sis, xenobiotic metabolism, normal cell-cycling, and DNA replication. Global gene profiling also revealed that the direction and magnitude of age-associated changes in gene expression differ in the colon and duodenum ). Interestingly, genes associated with cancerous growth of the colon exhibited enhanced expression in the aging colon, providing a probable link between aging and carcinogenesis in this tissue. A crucial point illustrated by these geneprofiling studies is that the mechanisms of aging in each tissue are unique and not necessarily shared by different tissues.
In this study, a cDNA microarray containing 2388 known genes was used to detect senescenceassociated changes in gene expression in the ventral prostates (VPs) of Noble (NBL) rats. A posthybridization signal-amplification protocol, the Tyramide Signal Amplification (TSA) labeling system, was used to enhance quantification of low-abundance transcripts. After acquisition and normalization of data, t statistics were used as an objective measure to determine differential expression (Callow et al, 2000) . Approximately 78% (1882) of the genes in this array were expressed in the VP, but only 4% (78) of the genes exhibited differential expression as the NBL rats advanced in age. Transcriptional profiles in the VPs of aged rats reflect a physiologic state of reduced protein synthesis and turnover, relaxation of protein-fidelity checkpoints, disruption in vesicle/membrane trafficking, diminished energy metabolism, reduced polyamine synthesis, weakened cellular defense against stress, increased cell survival, and an increase in the infiltration of phagocytic cells. These findings provide clues to the molecular events mediating aging of the rat VP and also explain some of the morphologic changes observed in the VPs of aged rats.
Results and Discussion

Morphologic Changes in VPs of NBL Rats as Animals Advanced in Age
Up to approximately 8 months of age, the VPs of NBL rats appeared histologically normal. Tall columnar epithelial cells lined the prostatic acini, which were filled with a homogenous secretion (Fig. 1, A and B) . Beginning at 9 months of age, the VPs showed focal atrophy of a small number of acini, lined with cuboidal cells, coexisting with morphologically normal acini (Fig. 1C) . A significant reduction in the height and infoldings of epithelial cell was noted in the atrophic foci (Fig. 1D) . Focal epithelial atypia, including intraepithelial vacuoles and atypical hyperplasia, involving only a small section of the acinar epithelium, were occasionally seen (Fig. 1E ). The lumen of some acini was found to contain concretions (ie, corpora amylacea) (Fig. 1E) . The incidence of infiltration of stromal inflammatory cells (macrophages, mast cells, and lymphocytes) was generally low in the VPs of 9-month-old animals but increased progressively with advancing age (Fig. 1, H and I) . Likewise, the incidences of acini atrophy, epithelial atypia, atypical hyperplasia, and luminal concretions in the VPs gradually increased as rats advanced in age (Fig. 1, F and J) . Diffuse atrophy (Fig. 1, G and H) and widespread epithelial atypia and atypical hyperplasia (Fig. 1, G , K, and L) became common features of the aged VPs in 16-to 19-monthold rats.
The aforementioned morphologic changes in the VPs of senescent NBL rats are consistent with those reported for the prostates of aged ACI, Copenhagen, and Wistar rats (Isaacs, 1984; Ward et al, 1980) . Many of these age-dependent changes, particularly the development of diffuse atrophy of prostatic acini, are probably caused by a decline in circulating testosterone with aging in most rat strains (Isaacs, 1984) . In ACI and Copenhagen rats, serum testosterone levels decline from 3 to 4 ng/ml to approximately 1 ng/ml between 8 and 16 months of age. Severe reduction in cytoplasmic volume of epithelial cells likely involves a highly regulated process, termed autophagy (Klionsky and Emr, 2000) . Cytoplasm and organelles are sequestered and delivered to lysosomes or vacuoles for degradation and recycling. Another prominent feature observed in the VP of aged rat was an increase in the number of concretions, or corpora amylacea. Rudiments of apoptotic cells often are seen trapped in prostatic concretions. Overall, the morphologic features observed in the aged rat prostates are similar to those found in human benign prostatic hyperplasia specimens. These include basal-cell hyperplasia, atypical hyperplasia, atrophy-associated hyperplasia, and the common occurrence of corpora amylacea (Mittal et al, 1989) . Interestingly, corpora amylacea is noticeably absent in cases of human carcinoma.
Identification of Differentially Expressed Genes in VPs with Advancing Age in NBL Rats
The TSA labeling and detection protocol was used to enhance signal intensities for the MICROMAX microarray analyses. Hybridization results demonstrated that 78% (1882) of the elements on the array consistently showed signal intensities 1.5-fold above background at both Cy3 and Cy5 channels after hybridization with labeled rat cDNAs. This set was considered "hits" or "expressed genes" in the rat VP. The rest of the elements (506 [22%]) were too close to the background cutoff and therefore could not be considered true signals. The percentage of "hits" detected in this study was consistent with results obtained from another study using the TSA-labeling protocol (83%) (Karsten et al, 2002) . These percentages were markedly higher than those reported for studies not using an amplification system, which typically ranged between 30% and 45% for general or nontissue-specific microarrays (Ho and Lau, 2002) . The TSA system was originally developed to permit microarray analyses with smaller amounts of RNA. It has been shown to reduce the total RNA requirement by 20 to 100 times to a range between 0.1 to 0.5 g (Karsten et al, 2002) . In our study we found the protocol useful in increasing the percentage of "hits." In other words, it enhanced Lau et al the sensitivity of a microarray by providing more dependable signals for low-abundance transcripts.
We used four separate microarray analyses to compare VP transcription profiles in four young (3 months old) and four aged (16 months old) rats ( Fig. 2A) . As represented by the scatterplot in Figure 2A , the Pearson correlation coefficient r for the mean intensity values of the four comparisons of VP gene expression profiles in the two age groups was 0.9033. This indicated that, in NBL rats, the majority of VP genes showed no change in their expression levels with advancing age. Importantly, the scatterplots for these comparisons appear linear with no evidence of the curvature that usually indicates differences in the (A-B) Ventral prostate (VP) of a 3-month-old male Noble rat. A, The acini are lined by tall columnar epithelial cells, and the lumens are filled with eosinophilic secretion (original magnification, ϫ12.5). B, Glandular epithelium consists of tall columnar cells with basal-located nuclei (original magnification, ϫ93). (C-E) VP of a 9-month-old male Noble rat. C, Focal atrophy is exhibited in all or a portion of acini (black arrows). Corpora amylacea were found within lumens (blue arrows) (original magnification, ϫ12.5). D, High magnification of a region outlined in C demonstrates a normal acinus versus an atrophic gland lined by cuboidal cells (arrow) (original magnification, ϫ93). E, Cellular atypia (arrowhead) characterized by a derangement of cells with vacuoles in epithelium, and this small lesion is contiguous with the normal tall columnar epithelium (arrow). Note the presence of corpora amylacea (blue arrows) in the lumen (original magnification, ϫ93). (F-I) VP of a 16-month-old male Noble rat. F, Epithelium exhibits atrophy (arrows) and cellular atypia (arrowheads), which are widespread in the acini (original magnification, ϫ12.5). G, High magnification of a region outlined in F demonstrates a single acinus with both cellular atypia (arrowhead) and atrophy (arrow) (original magnification, ϫ93). H, Infiltration of inflammatory cells is seen in stroma but not within the lumen. Note the presence of atrophic gland (arrow) (original magnification, ϫ93). I, A group of mast cells is present in stroma (original magnification, ϫ93). (J-L) VP of a 19-month-old male Noble rat. J, Epithelia of most acini are atrophic (arrows) and exhibit cellular atypia (arrowheads). Note the presence of numerous corpora amylacea (blue arrows) in lumen (original magnification, ϫ12.5). K, High magnification of a region outlined (black lines) in J demonstrates cellular atypia with numerous vacuoles. In this region, some epithelial cells indicate loss of polarity (arrows) (original magnification, ϫ93). L, High magnification of another region outlined (green lines) in J shows the vacuolized epithelium and numerous corpora amylacea in lumens (blue arrows) (original magnification, ϫ93). amount of dye incorporated and the intensity signal with different cDNA abundances (Tseng et al, 2001 ). Collectively, these observations justified our use of the global median-intensity normalization for normalization of the intensity signal (Karsten et al, 2002; Tseng et al, 2001; Yang et al, 2002) . To determine whether a gene is differentially expressed with statistical significance, we used t-statistics to analyze the microarray data according to Callow et al (2000) . The difference between the mean intensity values of two groups and the variations among the samples within the same group were taken into consideration in the calculation of the t-score for each gene. We then plotted the t-values of all genes versus their average A values, which were logarithms at base 2 for the square root of mean signals of Cy3 and Cy5 (Fig. 2B ). This t-score versus average A plot was used to establish that genes with high t-scores were not because of their high expression levels (the A value). In other words, genes with low expression levels could still be identified as differentially expressed in this study. A quantile-quantile (Q-Q) plot was then used to visually identify genes with unusual t-scores (Fig. 2C) . Genes located outside the 0.01 and 0.99 boundaries and that deviated from the straight line were recognized as having unusual t-statistics scores. In addition, the p-value for each gene was calculated to determine if differential expression of a gene was caused by aging and not by random or systematic variations. Genes with an absolute t-score Ͼ 2.0 (outside the 0.01 and 0.99 boundaries) and a p-value Ͻ 0.05 were considered differentially expressed. On the basis of these criteria, 78 of 1882 genes were identified as differentially expressed genes, 13 were overexpressed (Table  1) , and 65 were underexpressed (Table 2) in the aged animals compared with levels found in young rats.
Age-Associated Gene Profile Changes in
One major challenge facing cDNA microarray studies resides in the appropriate usage of algorithms in analyzing results. Many published microarray studies used an arbitrary selection criterion for identifying differentially expressed genes, such as 2-or 3-fold, up-or downregulation as cutoffs ). The major drawback of this approach is that genes with changes in expression levels of Ͻ 200% to 300% are not recognized as differentially expressed. Thus, the approach presents a biased focus on genes with a high degree of differential expression and misses those that show consistent but a smaller degree of change. Many molecular changes associated with a cellular response or a physiologic state may involve less dramatic but consistent changes in gene-expression levels.
Several recently published studies have used pairwise comparisons to set the cutoff fold changes (Cao et al, 2001; Pang et al, 2002) . This statistical method provides some statistic power but still has limitations, because it does not take into consideration the variations among the replicates in the identification of differentially expressed genes. The t-statistic used in this study represents a more robust algorithm and has recently been used by Callow and colleagues (2000) to identify hepatic genes that are differentially expressed among apolipoprotein AI knockout mice, scavenger receptor BI transgenic mice, and control mice. This statistical analysis overcomes the limitation on individual animal/hybridization variations and is well suited for use as the algorithm tool for this study.
Genes Whose Expression Increased with Age
Of the 78 VP genes we determined to be differentially expressed in young and old animals, only 13 (17%)
Figure 2.
Identification, using t-statistics, of differentially expressed genes between VPs of young and old rats. A, Scatterplot of cDNA microarray analysis. Total RNA samples from VPs of four young and four old rats were subjected to cDNA microarray analysis. The mean values of each gene for four samples from the old rats and those of four samples from the young rats were presented in the scatterplot. The Pearson correlation coefficient r for the mean values of VP gene expression levels in the two age groups is 0.9033. The lines represent the boundaries for a 2-fold or 3-fold decrease (left) and a 2-fold or 3-fold increase (right) in old rats. B, Plot of t-statistic versus the average of overall intensity of each gene. The mathematical calculation for t-statistic of each gene was described in "Materials and Methods." The average overall intensity of each gene denotes the logarithm at base 2 for the square root of the multiple values of mean signals of Cy3 and Cy5 of each gene. C, Normal quantile-quantile plot of t-statistics of all genes. The ranked t statistics were plotted against the corresponding quantiles of the standard normal distribution. Genes of interest (arrows) with absolute value of t-statistics Ͼ 2 and p Ͻ 0.05 in comparisons between old and young rats.
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showed increased expression with age (Table 1) . Among the up-regulated genes were iduronate 2-sulfatase (40% increase), HLA class I locus C heavy chain (30% increase), membrane cofactor protein of the complement system (60% increase), TRPM-2 (280% increase), and apolipoprotein J (200% increase). Although the increases for some of these genes were not dramatic, the t-and p-values demonstrated that the increases were consistently statistically significant for all four comparisons. The purported functions of these genes seem to be related to some of the histopathologic changes that occur in the aging rat VP. For example, iduronate 2-sulfatase is a lysosomal enzyme (Froissart et al, 1995) that plays a major role in the breakdown of glycosaminoglycans, particularly heparan sulfate and dermatan sulfate, in the extracellular matrix (Freeman and Hopwood, 1992 ). An increase in iduronate 2-sulfatase expression in the VPs of aged rats may be related to a faster degradation of extracellular matrix mucopolysaccharides, possibly connected to prostatic atrophy in the senescent rats. Similarly, enhanced expression of HLA class I locus C heavy chain may be associated with a heightened rate of cell death requiring faster presentation of intracellular peptides to the cell surface via the major histocompatibility complex mechanism for macrophage recognition and cell removal.
Up-regulation of the gene encoding TRPM-2 and the apolipoprotein J gene were detected by our array analyses. These two genes encode the same protein, clusterin (de Silva et al, 1990) , which has been proposed to serve as a survival factor in prostateepithelial cells (July et al, 2002) . Using semiquantitative RT-PCR analyses, we confirmed a progressive increase in expression of TRPM-2 in VPs of rats between 3 and 19 months of age (Fig. 3A) . The levels of TRPM-2 in the VPs of young NBL rats (3-6 months old) were low and increased by 1.5-fold in the VPs of 9-month-old animals (p Ͻ 0.05). The highest level of TRPM-2 (2-fold increase, p Ͻ 0.05) was found in animals 16 months of age or older. Our data are in accordance with previous reports Marinelli et al, 1994) demonstrating increased TRPM-2 expression in the VPs of old Sprague-Dawley rats compared with that in young animals. Furthermore, our data support the notion that clusterin is a survival factor, because it is expressed at high levels in cuboidal epithelial cells of the VPs after castration . Expression of the gene encoding membrane cofactor protein of the complement system (MPC or CD46) also is increased in the VPs of old rats. MPC/CD46 is the most recently discovered C3b/C4b-binding cell surface glycoprotein that acts as an inhibitor of complement activation on host cells Post et al, 1991) . Its enhanced expression in the aged VP may protect prostatic cells against complement-mediated injury initiated by C3b/C4b receptor-positive phagocytic cells (Schreiber, 1984) , often observed in the aged VP.
Transcripts of three other known genes, X-CGD (80% increase), 3-7 gene product (40% increase), and BCL-9 (80% increase), were found to be expressed at higher levels in the VPs of aged rats. The X-CGD is normally expressed in phagocytic cells such as macrophages and is responsible for releasing reactive oxygen species (Forman and Torres, 2001 ), whereas both 3-7 (Shiosaka and Saunders, 1982) and BCL-9 (Willis et al, 1998) are oncogenic molecules associated with leukemia. Expression of these genes in the aged VP may reflect increased infiltration of phagocytotic cells and lymphocytes into the prostates of older rats (Ͼ16 months old) (Fig. 1) .
Genes Whose Expression Decreased with Age
Sixty-five (83%) of 78 differentially expressed VP genes were found to be underexpressed in older rats compared with levels in young animals (Table 2) . Remarkably, the genes could be classified into clusters with distinct cellular/biologic functions (Table 3) .
Among the underexpressed genes, the largest group was represented by 27 genes that have known 
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functions associated with protein synthesis, secretion, turnover, or degradation, or that are in cellular organelles involved in the regulation of these processes. Although slowing down of protein synthesis is widely believed to be a common change associated with cellular aging (Rattan, 1991) , the phenomenon has not been demonstrated in the prostate. We detected an aging-related decrease in the expression of four genes encoding amino acyl-tRNA synthetases (threonyl-tRNA synthetase, glutaminyl-tRNA synthetase, aspartyl-tRNA synthetase, and methionyltRNA synthetase). These enzymes are involved in the aminoacylation of tRNA during protein synthesis (Ibba and Soll, 2000) . Functionally, they are pivotal in determining how the genetic code is interpreted as amino acids. Significant reduction in their expression may compromise the overall fidelity of protein synthesis.
The aged VP also contains lower levels of transcripts of three genes encoding enzymes (prolyl-4-hydroxylase beta subunit, asparagine synthetase, and S-adenosylmethionine synthetase) required in proline, aspartate, and methionine metabolism. A reduction in amino acid metabolism often affects protein synthesis in a global manner. Additionally, transcription of genes encoding proteins in the initiation of translation, such as eukaryotic initiation factor 4AII and translational initiation factor elF3 p66 subunit, were decreased 2-fold in the VPs of old rats. The eukaryotic initiation factor 4AII is a member of protein-synthesis initiation factors that are needed for binding mRNA to the ribosome . It forms a complex with elF4F, elF4G, elF4E, and elF4A to regulate translation of messenger RNAs and selectively interacts with the 40S ribosomal subunit of the protein synthetic machinery (Jackson and Wickens, 1997). Another agedependent down-regulated gene detected in our array analyses is L-3 ribosomal protein. It is part of the protein synthesis machinery and is a ribosomal assembly initiator for the 50S assembly and mediates binding of mRNA to the ribosome (Nowotny and Nierhaus, 1982) .
The elongation factor 1 alpha (EF-1␣) gene also was down-regulated in the aged VP. During protein synthesis, the EF-1␣ protein acts as a nucleotide exchange protein and binds to GTP and aminoacyltRNA, resulting in their codon-dependent placement at the acceptor site of the ribosome (Riis et al, 1990) . It provides protein translation fidelity and is a pivotal regulator of rates of protein synthesis (Merrick, 1992) . A decline in EF-1␣ mRNA in the VPs of old rats may lead to loss of proofreading during peptide chain elongation in protein synthesis and may contribute to cellular transformation in an epigenetic manner. It has been reported that expression of a truncated EF-1␣, which has no GTP binding domain, is associated with prostate cancer (Shen et al, 1995) .
An interesting functional cluster of down-regulated genes consists of six that encode the rough endoplasmic reticulum (ER)-associated proteins ribophorin I and II, BiP protein, calnexin, calreticulin, and ␤-signal sequence receptor. We confirmed declines in expression of ribophorin II and BiP in the VPs of old rats by post hoc analysis. Ribophorin II mRNA in the VP showed high levels of expression in 3-, 6-and 9-month-old animals and decreased in aged rats (16 and 19 months old, a reduction of ‫-3ف‬fold, p Ͻ 0.05) (Fig. 3B) . The pattern of VP expression of BiP mRNA among different age groups of rats was similar to that of ribophorin II, showing significant down-regulation in the 16-and 19-month-old animals (‫-5.2ف‬fold compared with expression in 3-month-old rats, p Ͻ 0.05) (Fig. 3C) .
These ER-associated proteins are known to function in posttranslational modification of proteins and maintenance of protein fidelity. Ribophorins I and II, located in the rough ER, form a complex with oligosaccharyltransferase that affects the cotranslational N-glycosylation of newly synthesized polypeptide (Fu et al, 2000) . Meanwhile, BiP (GRP78), a member of the 
Post hoc semiquantitative RT-PCR analyses of TRPM2 (A), ribophorin II (B)
, and rat BiP (C) on the ventral prostates of 3-, 6-, 9-, 16-, and 19-month-old rats. Total RNA was isolated and subjected to semiquantitative RT-PCR. The mean values of the expression levels of TRPM2, ribophorin II, and rat BiP relative to that of ␤-actin in different ages of rats were presented. Standard deviations (bars) for different animals in each age group in three separate experiments. Lau et al hsp70 family of chaperones, is one of the most abundant proteins in the ER lumen. BiP has been implicated in cotranslational folding of nascent polypeptides and in the recognition and disposal of aberrant polypeptides (Hatano et al, 1997; Hellman et al, 1999) . Interestingly, calnexin and calreticulin, two closely related molecular chaperones in rough ER, when associated with BiP, suppress aggregation and promote refolding of protein and glycoprotein substrates (Stronge et al, 2001 ). Together, these three ER molecular chaperones play essential roles in the correct protein folding, assembly, and glycosylation of secreted proteins (Buchner, 1996) . In agreement with our finding, BiP transcription was found to decline in hepatocytes isolated from old rats compared with that in young rats (Heydari et al, 1995) . Importantly, expression of calreticulin was shown to be regulated by androgen in rat prostatic epithelial cells (Zhu et al, 1998) . In this regard, diminished expression of calnexin and calreticulin in aged VP could be the result of an age-dependent decline in serum testosterone levels. Finally, ␤-signal sequence receptor (SSR2), which encodes an ER membrane protein associated with protein translocation across the ER membrane, also has been identified to be modestly down-regulated in the aged VP (Chinen et al, 1995) . Vesicle transport and protein/membrane trafficking play major roles in trans-Golgi network function, lysosome biogenesis, endocytosis, and protein secretion. Our array analyses revealed a lower expression in the aged rats of a set of seven genes encoding proteins involved in vesicle coat formation (brain-type clathrin light chain b and clathrin-coat assembly protein-like) (Brodsky et al, 2001; Schmid, 1997) , vesicle trafficking, and vesicle-mediated transport [Ras-related GTPbinding protein (Rab), Rab2, ADP-ribosylation factor-1 (ARF-1), ARF-like protein (ARL), and 14-3-3 protein epsilon] (Gu et al, 2001; Takei and Haucke, 2001 ). Clathrins, via interaction with adaptor complexes, are recruited to the cell membrane or to the trans-Golgi network, where they assemble into a lattice coat on vesicles (Grodsky et al, 1982; Schmid, 1997) . Rabs, found at the plasma membrane and on organelles mediating secretion and endocytosis, regulate vesicle transport, docking, and fusion (Mullins and Bonifacino, 2001 ). Meanwhile, different members of ADPribosyltransferase factors (ARFs) and ARLs are found in various intracellular membranes in a cell/tissuespecific manner. They have specific and shared functions in controlling vesicular transport, membrane trafficking, Golgi functions, and apoptosis (Serafini et al, 1991; Van Valkenburgh et al, 2001 ). The 14-3-3 proteins are abundant acidic proteins with numerous isoforms and diverse functions. Some of them, including 14-3-3 epsilon, are thought to act primarily on the actin cytoskeleton to regulate vesicle targeting, trafficking, and exocytosis (Roth et al, 1999) . They also are implicated in Ras signaling pathways (Gelperin et al, 1995) . Collectively, down-regulation of this set of genes in the aged VP will affect turnover of normal cellular proteins, disposal of abnormal proteins, internalization of cell-surface receptors, autophagy, release of exocytosed nutrients, inactivation of pathogens, and antigen processing (Brodsky et al, 2001; Gu et al, 2001; Schmid, 1997; Takei and Haucke, 2001) . Little is known about the relationship between functional roles of these genes and prostatic function, except for a single report showing androgen regulation of clathrin light chains in LNCaP cells (Prescott and Tindall, 1998) . Prostatic epithelium in young rats is a highly secretory tissue, and exocytosis is a pivotal mechanism of protein export. In contrast, secretion and exocytosis decline in the aged VP. It remains to be determined if declining levels of testosterone in circulation are responsible for underexpression of these genes in the aged VP.
Age-Associated Gene Profile Changes in
The alkaline phosphatase (ALP) pathway, another protein transport system operating in the prostate, transports proteins to the vacuole. It requires a homooligomeric form of Vps41p for the formation of ALPcontaining vesicles at the Golgi complex via interactions with the AP-3 adaptor complex (Darsow et al, 2001 ). In the aged VP, we detected a moderate reduction in the expression of Vps41p. However, a previous study reported increased prostatic ALP activity, but not prostatic acidic phosphatase activity, in aged rats (Hinkle, 1988) . Hence, further studies are needed to reconcile this apparent paradox between Vps41p underexpression and ALP up-regulation in the VP of senescent rats.
We found age-dependent loss of expression of two VP genes (ubiquitin and proteasome subunit HC2) whose protein products are pivotal to protein degradation. Proteasome subunit HC2 is a component of the 20S proteasome protein degradation system, and ubiquitin is a constituent of the ubiquitin-26S proteasome system. The major cellular defense mechanism against the deleterious effects of oxidized proteins is afforded by the 20S proteasome, which specifically recognizes and removes oxidized proteins (Davies, 2001; Shringarpure et al, 2001) . In contrast, the ubiquitin-26S proteasome plays a much smaller role in oxidized protein degradation but is pivotally involved in the degradation of cellular signaling proteins, including the various transcriptional factors. In agreement with our findings, declines in proteasome activity of human fibroblasts (Ly et al, 2000; Sitte et al, 2000a Sitte et al, , 2000b , pulmonary arterial-endothelial cells (Merker et al, 2001) , and gastrocnemius muscle of the mouse during senescence have been noted (Pang et al, 2002) . Taken together, a reduction in expression of genes encoding key proteasomal proteins is apparently a common phenomenon in cellular aging. Reduced expression of these genes in the aged VP would dramatically affect its ability to remove oxidized protein and regulate signaling molecules.
During aging, the stress response and the production of heat-shock protein decrease, correlating with a decline in stress tolerance (Feder and Hofmann, 1999; Verbeke et al, 2000) . Heat-shock proteins serve as sensors in the recognition of damaged proteins and perform repairs on moderately misfolded proteins, thereby preventing inter-or intramolecular aggregation (Feder and Hofmann, 1999; Verbeke et al, 2000) . In the aged VP, we detected underexpression of two heat-shock protein genes, BiP (GRP78) and tra 1 (heat-shock protein gp96), suggesting a possible reduction in cytoprotection for prostatic cells in old rats.
Interestingly, four underexpressed genes in the aged VP are involved in spermidine and spermine synthesis (spermidine synthase, spermidine aminopropyltransferase, S-adenosylmethionine synthetase, and antizyme inhibitor). The prostate synthesizes and sequesters high levels of polyamines (putrescine, spermidine, and spermine) (WilliamsAshman and Canellakis, 1979), which are known to inhibit normal growth of the gland (Cohen et al, 2001; Pegg, 1986; Smith et al, 1995) . Spermidine is synthesized from the precursor putrescine by the enzyme spermidine synthase. Putrescine, in turn, is formed from decarboxylation of ornithine via ornithine decarboxylase activity. Last, spermidine is converted to spermine via the catalytic action of spermidine aminopropyltransferase (or spermine synthase). Both conversions involve transfer of aminopropyl residues from decarboxylated S-adenosylmethionine (AdoMet). The level of AdoMet is regulated by the enzyme S-adenosylmethionine synthetase. As a negative feedback mechanism, antizyme, induced by the high level of polyamines, inhibits decarboxylation of ornithine by targeting ornithine decarboxylase for rapid degradation by the 26S proteasome (Heller et al, 1976; Murakami et al, 1992) . Decreased expression of these polyamine metabolism genes undoubtedly will lead to reduced levels of spermidine/spermine and leave the aged VP unguarded against growth stimuli. Our findings corroborated with results from a previous study showing a decline in polyamine content and an increase in ornithine decarboxylase activity in VPs of aged rats . It is therefore not surprising to observe development of atypical hyperplasia or dysplasia amid diffuse atrophy in the VPs of senescent rats. Disturbance in this intricate mechanism for regulating growth stimulation and repression also may occur in the senescent human gland.
The cytoskeleton is an important regulator of cell shape, proliferation, and differentiation (Rao and Cohen, 1991) . The actin-based cytoskeletal network, in particular, interacts with extracellular matrix proteins, cell surface membranes, second messengers, cytoplasmic enzymes, and the cell nucleus to regulate a wide spectrum of cellular functions. Virtually no information is available on how cytoskeleton function changes during aging of the prostate. In this study, our microarray data revealed lower expression of actin depolymerization factor, ␣-tubulin, vascular smooth muscle ␣-actin, and EF-1␣ in the VPs of old rats. Diminished expression of cytoskeleton-associated genes in the prostate may be a result of an increased number of atrophic prostatic acini as rats advance in age. A dramatic reduction in epithelial cell height and cell volume may result in reorganization of cytoskeletal components. Nevertheless, altered expression of the cytoskeleton network should have broad implication for VP function during aging.
Transcripts of ezrin, also known as cytovillin, were underexpressed in the aged VP. Ezrin/cytovillin is a cytoplasmic protein enriched in microvilli and other cell-surface structures. It has been implicated as playing a membrane-cytoskeleton linker role (Turunen et al, 1994) . Reduced expression of ezrin/cytovillin could be a result of the loss of tall columnar (secretory) cells in prostatic epithelia during the aging of rat VP.
Significant declines in the expression of genes related to energy metabolism were observed in the aged VP. These include those affecting galactose metabolism, pentose phosphate oxidation, oxidative phosphorylation, Na/K-ATPase activity, and citrate/isocitrate utilization. Na/K-ATPase activity, localized on the cell membrane, regulates cell volume and consumes a significant amount of cellular energy (Kowluru et al, 1989) . It has been shown to undergo age-related declines in other bodily organs (Lenaz et al, 2000) . The F1 beta subunit of mitochondrial H(ϩ)-ATP synthase is a nucleus-encoded mitochondrial inner membrane protein with major involvement in oxidative phosphorylation (Weber and Senior, 1997) . Isocitrate dehydrogenases (IDHs) are key mitochondrial enzymes facilitating the use of isocitrate or citrate for respiratory O 2 consumption in the tricarboxylic acid cycle. NADP-IDH and NAD-IDH in rat VP (Costello et al, 1976) and NADP-IDH in the prostates of bonnet monkeys (Arunakaran et al, 1992) were shown to be under androgen regulation. Collectively, declines in the expression of these genes reflect a lower metabolic state in the aged VP.
Finally, several signal transduction genes were found to be underexpressed in the VP of aged rats. They include members in the protein phosphatase 2A pathway, ras-related GTP-binding protein, signaltransducing guanine nucleotide-binding regulatory G protein beta subunit, and several kinases. Diminished expression in these genes is expected to drastically affect intracellular signaling in aged VP cells.
General Discussion
Androgen deficiency, also known as andropause, affects an estimated 1 in 200 aging men, and the condition is now commonly treated with testosteronereplacement therapy (Bain, 2001; Morales and Tenover, 2002; Morley and Perry III, 2000) . Relevant to the issue of how andropause and/or testosteronereplacement therapy affect the human prostate, it is logical to ask whether changes in gene expression observed in the aging rat VP are primarily caused by a decline in androgen support with advancing age. Several genes, including ribophorin II, transmembrane protein Tmp21-1, spermidine synthase, calreticulin, ADP-ribosylation factor 1, antigen gp96, ezrin, and ras-related GTP-binding protein (Table 2) , identified in this gene-profiling study are known to be regulated by androgen (Cyriac et al, 2002; Pang et al, 2002; Zhu et al, 1998) . Thus, it is possible that some of the ageaffected changes in gene expression are caused by a decline in circulating androgen in old animals. In this regard, we expect that supplementation with testos-terone in aged rats would revert the expression levels of these androgen-regulated genes to "young control" levels. On the other hand, expression profiles of other genes may be intrinsic to the aging process. To delineate these two classes of genes, we have planned experiments involving testosterone supplementation in aged rats. Findings from these future studies should have important implications for male aging and prostate health (Morley and Perry III, 2000) .
Conclusion
We have successfully used a moderate-density cDNA microarray to detect aging-related changes in gene profile in the rat VP. The findings are intriguing in a number of aspects. First, clusters of genes with related functions were found to be affected by aging in the rat VP. This finding demonstrates the effectiveness of microarray analyses in the rapid detection of a multitude of molecular changes associated with aging in this tissue. Second, transcriptional-profiling data are highly informative and for the first time suggest a widespread loss of functions in the senescent VP, affecting its ability to produce and synthesize proteins, check protein fidelity, and remove harmful modified proteins. This could be a major epigenetic cause of cellular dysregulation and transformation. Third, microarray data suggested a loss of cell-growth inhibition and a gain in anti-apoptotic potential. This imbalance could partially explain the aberrant morphologic changes observed in the aged VP. Last, the aged VP, in general, exhibits a decline in energy metabolism, reduced anabolism, and dysregulation of signal transduction pathways. Compared with the molecular/cellular changes in other bodily organs (Cao et al, 2001; Lee et al, 2000 Lee et al, , 2001 Pang et al, 2002) , some changes in the aged VP are unique, whereas others are common to all. Broadly speaking, if these changes occur in the human prostate, they could explain why the gland is susceptible to disease development in elderly men.
Materials and Methods
Animals and Tissue Collection
Male, NBL rats, 5 to 6 weeks old, were purchased from Charles River Breeding Laboratory (Wilmington, Massachusetts). The rats were housed at the animal care facility in University of Massachusetts Medical School and fed rat chow and water ad libitum until they reached the appropriate age. Twenty NBL rats divided into five groups of four were killed at 3, 6, 9, 16, and 19 months of age. Animals were killed with an overdose of isoflurane (Ohmeda Caribe, New Jersey) anesthesia followed by decapitation. VPs were carefully excised from the prostate-urethra-bladder complex and cut in half. One half was formalin-fixed and paraffin-embedded for histologic studies. The other half was snap-frozen in liquid nitrogen and kept at Ϫ70°C until RNA isolation. Protocols of animal usage were previously approved by the University of Massachusetts Medical School Animal Care and Usage Committee.
RNA Isolation and RT-PCR
Total RNA was isolated using TRI reagent (Sigma, St. Louis, Missouri) according to the manufacturer's protocol. RNA integrity was validated according to previously described protocols (Cyriac et al, 2002) . Semiquantitative RT-PCR, conducted as previously described (Cyriac et al, 2002) , was used in post hoc analyses to validate changes in the expression of selected genes during aging. One microgram of total RNA was reverse transcribed using GeneAmp RNA PCR kit (Perkin Elmer, Norwalk, Connecticut), and 2 l of the resulting cDNA was used in each PCR for ␤-actin, TRPM2, ribophorin II, and rat homolog of human BiP. Intron-spanning primers were used to prime first-strand cDNA synthesized from RNA samples isolated from VPs of the various age groups. The forward primer for ribophorin II is 5'-TGT TTT GTC TCA CGC TCT GG-3', and the reverse primer is 5'-CAG AGG ATG GGG TTC TTC AA-3'. The forward primer for BiP is AAG ACG GGC AAA GAT GTC AG-3' and the reverse primer is 5'-TTT GTC AGG GGT CTT TCA CC-3. The forward primer for TRPM2 is 5'-GGT GAA GAT GAC CCG ACA GT-3', and the reverse primer is 5'-TGT GAT GGG GTC AGA GTC AA-3'. The forward primer for ␤-actin is 5'-ATG GAT GAC GAT ATC GCT GCG-3', and the reverse primer is 5'-CTC CAT ATC GTC CCA GTT GG-3'. All PCR conditions were optimized for quantification of relative message contents under nonsaturating conditions. The PCR programs were 30 cycles for ␤-actin, 32 cycles for TRPM-2, and 35 cycles for ribophorin II and BiP of 1 minute at 94°C, 1 minute at 60°C (except 57°C for ␤-actin), and 1 minute at 72°C. The PCR products were subjected to electrophoresis in 2% agarose gel with ethidium bromide, and the fluorographs under ultraviolet irradiation were captured by Kodak DC290 digital camera (Eastman Kodak, Rochester, New York). The signals of PCR product were quantified using Kodak 1D Image Analysis software (Eastman Kodak). Levels of ␤-actin cDNA served as a loading control. Relative levels of mRNA for TRPM-2, ribophorin II, and BiP were calculated following normalization against the signal intensity for ␤-actin mRNA. The amplimer obtained from the primer set designed from human BiP on rat cDNA was DNA sequenced to demonstrate high homology between the amplimer and human BiP.
cDNA Microarray Experiments
The Micromax TSA labeling and detection kit (Perkin Elmer) was used according to the protocol provided by the manufacturer. The TSA-labeling protocol was chosen because it is a posthybridization amplification system that permits detection of differential transcript expression in samples with relatively small amounts of total RNA. Briefly, 2 g of total RNA from the VPs of young (3 months old) and old (16 months old) rats were subjected to cDNA synthesis using fluoresceinlabeled and biotinylated nucleotides, respectively. Equal quantities of two cDNA probes, derived from young and old animals, were mixed and hybridized on a cDNAs microarray slide in a Corning microarray hybridization chamber (Corning, Corning, New York) at 60°C overnight. The hybridized slide was washed under stringent conditions. The fluorescein-labeled probes on the slide were recognized by an antibody to fluorescein that was conjugated to horseradish peroxidase. The enzyme catalyzed the deposition of cyanine (Cy)3-labeled tyramide on the labeled cDNA. After inactivation of residual horseradish peroxidase from the first reaction, streptavidin-linked horseradish peroxidase was used to deposit cyanine 5 (Cy5) tyramide to the biotin-labeled cDNA probe on the slide. The slide was washed extensively and air-dried. The hybridized microarray slides were scanned using a ScanArray confocal laser scanner (GSI Lumonics, Watertown, California) at 10-m pixel resolution for Cy3 and Cy5 signal detection. ImaGene analysis software (BioDiscovery, Los Angeles, California) was used to quantify Cy3 and Cy5 signals on each spot. For each spot, average intensity of all pixels within intensity values falling in the range of 50% to 95% of maximal intensity was calculated (the "signal intensity"). The "background signal" was calculated from average intensity of pixels within 5% to 15% of maximal intensity in the background ring immediately outside the spot of interest on the cDNA microarray. The "corrected signal intensity" for each spot is calculated as the "signal intensity" minus the "background signal."
Four microarray hybridizations were performed using total RNA samples prepared from individual VP of four young and four aged rats. The complete list of the 2400 genes, which were spotted as cDNAs on the Micromax microarray, can be found at http://www.nen.com/products/gene-list5.txt.
Data Normalization and Identification of Differentially Expressed Genes Using t-Statistics
Before data from the same slide or among different slides can be compared, the data must be normalized (ie, removing or adjusting for experimental [random] and systematic variations) (Yang et al, 2002) . After within-slide normalization, all normalized log ratios were centered around zero. To compare expression levels across different slides, we applied the same normalization principles used for within-slide normalization. In this study, we chose to use all genes for normalization instead of using the microarray housekeeping gene pool for normalization for reasons that have been elaborated by Yang et al (2002) . This approach, using the global median-intensity method, offers the most stability in terms of estimating spatialand intensity-dependent trends in the log ratios.
Differentially expressed genes associated with aging of the VP were then identified by computing two-sample, Welch t-statistics as previously described (Callow et al, 2000) . Briefly, the normalized DNA microarray data of gene-expression profiles for VPs of young (n 1 ϭ 4) and old (n 2 ϭ 4) rats were presented as a matrix with columns corresponding to n 1 and n 2 and rows corresponding to 2400 genes (cDNA spots on the Micromax microarray slide). The null hypothesis, Hj, of equal mean expression of young and old rats for gene j (j ϭ 1, 2, 3 (1) 1j and 2j denote the mean expression of gene j in VPs of the n 1 young and n 2 old rats, respectively, and the s 1j 2 and s 2j 2 denote the variances of gene j in VPs of the n 1 young and n 2 old rats, respectively. Large absolute t-values can be achieved by large differences between two mean values of gene expression for young and old rats and/or small variations among the samples within the same age group and suggests that the corresponding genes potentially showed significant differential expression in the VPs of young and old rats. A high absolute t-score is indicative of high significance in a differentially expressed gene in young and old VPs (negative t-scores indicate underexpression, whereas positive t-scores indicate overexpression of a gene in the aged compared with the young VPs). The evidence against the null hypothesis was assessed by calculating the p-value, which is the probability of error associated with rejecting the hypothesis of no difference between the two mean values of gene expression for young and old rats.
The t-statistics of all genes were presented in the t-value versus average A plot, in which the average A denotes the logarithm at base 2 for the square root of the multiple values of mean signals of Cy3 and Cy5. The data also were represented as a quantile-quantile plot, in which the ranked t statistics were plotted against the corresponding quantiles of the standard normal distribution. Because of the probability of making a Type 1 error in the multiple t-testings from two groups of samples and 2400 genes, the Bonferroni correction to adjust the p-values by multiplying the p-value with 2400.
